Somatic stem cells are ultimately responsible for mediating appropriate organ homeostasis and have therefore been proposed to represent a cellular origin of the ageing process-a state often characterized by inappropriate homeostasis. Specifically, it has been suggested that ageing stem cells might succumb to replicative senescence by a mechanism involving the cyclin-dependent kinase inhibitor p16
Somatic stem cells are ultimately responsible for mediating appropriate organ homeostasis and have therefore been proposed to represent a cellular origin of the ageing process-a state often characterized by inappropriate homeostasis. Specifically, it has been suggested that ageing stem cells might succumb to replicative senescence by a mechanism involving the cyclin-dependent kinase inhibitor p16
INK4A . Here, we tested multiple functional and molecular parameters indicative of p16
INK4A activity in primary aged murine hematopoietic stem cells (HSCs). We found no evidence that replicative senescence accompanies stem cell ageing in vivo, and in line with p16 INK4A being a critical determinant of such processes, most aged HSCs (>99%) failed to express p16
INK4A at the mRNA level. Moreover, whereas loss of epigenetically guided repression of the INK4A/ARF locus accompanied replicative senescent murine embryonic fibroblasts, such repression was maintained in aged stem cells. Taken together, these studies indicate that increased senescence as mediated by the p16 INK4A tumor suppressor has only a minor function as an intrinsic regulator of steady-state HSC ageing in vivo. Oncogene (2009 Oncogene ( ) 28, 2238 Oncogene ( -2243 doi:10.1038 /onc.2009 published online 27 April 2009 Keywords: stem cells; hematopoiesis; ageing; senescence Maintenance of the hematopoietic system requires continual cellular replenishment from a rare population of bone marrow residing hematopoietic stem cells (HSCs) (Bryder et al., 2006) . During ageing, the homeostatic control of hematopoiesis is altered, leading to dramatically increased incidences of pathological syndromes such as bone marrow failure, anemia and myeloid leukemia (Rossi et al., 2008) . Although HSC dysregulation is proposed to contribute to such pathologies in old age, the underlying mechanisms behind this process remain poorly understood. Mounting evidence supports the idea that signals leading to the activation of networks of proto-oncogenes and tumor suppressors also govern normal stem cell self-renewal (Sharpless and DePinho, 2007) . Deletion of the tumor suppressor gene p16
INK4A has been shown to enhance HSC numbers and improve their repopulation capacity with age, whereas its enforced overexpression resulted in cell-cycle arrest (Park et al., 2003; Janzen et al., 2006) , indicating a function for this cyclin-dependent kinase in stem cell self-renewal with age. However, in clonal analysis experiments, aged HSCs displayed similar colony formation in vitro as young HSCs and retained their ability to differentiate into mature progeny in vivo (Sudo et al., 2000) , albeit with skewed lineage potential (Sudo et al., 2000; Rossi et al., 2005) . To resolve these seemingly contradictory data, we here investigated the p16 INK4A expression levels as well as the epigenetic status of the p16 INK4A locus directly in primary aged HSCs. To determine whether the proliferative capacity of HSCs varies with age, we utilized a recently developed noninvasive N-hydroxysulfosuccinimide biotin (NHS-biotin) labeling technique (Nygren and Bryder, 2008 ) that allows tracking of proliferative history in defined cellular subsets in vivo. Young and aged C57BL/6 mice were injected with NHS-biotin and the proliferative history of (Figure 1a ) bone marrow HSCs was assessed after 7 and 14 days (5 mice per experimental group; total of 20 mice) (Figures 1b-d) . On average, aged HSCs showed higher NHS-biotin intensities compared to HSCs from young mice ( Figure 1c and Supplementary Figure 1) . For example, 46.8 ± 31.8% of aged HSCs had undergone five or more cell divisions during a 14-day period, compared to 73.4±18.1% of young HSCs (Figure 1d ). However, a large proportion of aged HSCs proliferated at similar rates to young HSCs, suggesting heterogeneity in proliferation within this compartment (Figure 1d and Supplementary  Figure 1 ). Delayed proliferation kinetics was not a universal feature of ageing hematopoietic progenitors as early erythroid/megakaryocyte progenitors proliferated with very similar kinetics regardless of age (Figure 1d ). We also determined the proliferation dynamics of a 'mystery' population, previously proposed to comprise senescent cells (Randall and Weissman, 1998) . Although these cells accumulated in aged mice ( Figure 1a ) and showed reduced proliferative history compared to other cellular subsets examined (Figure 1c) , they had proliferated during a 14-day time frame, and thus do not represent a population of replicative senescent cells. Taken together, these experiments demonstrate that prospectively isolated HSCs display a pronounced functional heterogeneity in their proliferative activity and that aged HSCs on average proliferate with slower kinetics than young HSCs, although some individual variation exists between individual mice (Supplementary Figure 1) .
We next sought to determine whether the slower proliferation kinetics of aged HSCs was associated with activation of p16
INK4A
, as demonstrated for continuously passaged murine embryonic fibroblasts (MEFs), a wellestablished in vitro system for induction of replicative senescence (Zindy et al., 1997) . Previous studies demonstrated expression of p16 INK4A in aged HSCs (Janzen et al., 2006; Pearce et al., 2007 Figure 1 Aged hematopoietic stem cells (HSCs) have a moderately reduced proliferation capacity in vivo. Young (2-to 3-month old) and old (20-to 24-month old) C57BL/6 mice were injected with N-hydroxysulfosuccinimide biotin (NHS-biotin) in vivo. At 7 and 14 days after injection, bone marrow (BM) cells were isolated and analyzed as described (Nygren and Bryder, 2008) . (a) Representative fluorescence-activated cell sorting (FACS) profiles of young and old BM cells showing hematopoietic stem and progenitor subsets. The green box represents candidate HSCs (Lin À IL7Ra À Slamf1 þ ), the orange box represents Meg/E progenitors (LSK À IL7Ra À Slamf1 þ ) and the red box represents a previously described 'mystery population' (
Left box: uninjected NHS-biotin control for each of the cell types analyzed. Right box: cell division enumeration ranging from 0 to 5 or more cell divisions. Biotinpositive erythrocytes served as a reference population for undivided cells. (c) Proliferation analysis of hematopoietic subsets from young and old mice using the in vivo NHS-biotin labeling assay. The hematopoietic subsets described in (a) and BM residing Ter119 þ erythrocytes (blue curves) were analyzed for biotin intensities at 7 (top panel) and 14 (bottom panel) days after injection with NHSbiotin. (d) On the basis of the cell division enumeration, as shown in (b), HSCs (left panel) and Meg/E progenitors (right panel) from young and old mice were analyzed for cell divisions following 7 (top panel) and 14 (bottom panel) days after injection with NHS-biotin.
x Axis shows number of cell divisions (ranging from 0 to 5 þ divisions). y Axis represents the percentage of cells with the indicated proliferation history. Error bars represent mean ± standard deviation (s.d.) (n ¼ 5 mice per group in each experiment) and asterisks indicate statistically significant differences (Pp0.05; two-tailed Student's t-test).
p16
INK4A -mediated senescence in HSCs JL Attema et al analysis performed at the population level using mRNA from 500 to 1000 cell equivalents (Supplementary Table 1 (Figure 2b ), we speculated that expression of upstream transcriptional regulators of p16 INK4A might alter with age. We therefore determined the mRNA expression of a set of well-characterized transcriptional regulators of p16 INK4A including the negative regulators Id1, Ezh2 and Bmi1 and the positive regulators Ets1 and Ets2 (Jacobs et al., 1999; Ohtani et al., 2001; Kotake et al., 2007) using either qRT-PCR (Figure 3a) or single-cell RT-PCR (Figure 3b ). Ezh2 expression decreased B1.4-fold in aged HSCs compared to young HSCs, whereas Bmi1 levels were slightly elevated (Figure 3a) . Collectively, however, these data demonstrate only modest changes in expression of upstream regulators of p16 INK4A with HSC ageing. Chromatin structure has a profound effect in regulating gene transcription and is modified in part by posttranslational modification of histones, methylation of CpG residues, histone variants and nucleosome repositioning across gene regulatory regions (Reik, 2007) . To determine the association between such epigenetic-based modifications and p16
INK4A regulation in young and aged HSCs, we profiled the chromatin structure across the p16 INK4A locus. We first analyzed p16 promoter that are unmethylated regardless of HSC age (Figure 3c ). Similar results were obtained for early and late passage MEFs (JA and DB, unpublished data), and are consistent with previous reports demonstrating hypomethylation of the p16
INK4A promoter CpG island in normal tissues (Merlo et al., 1995) . Thus, epigeneticbased silencing or activation of p16
INK4A
in the investigated cell types does not appear to occur at the level of p16 INK4A promoter methylation. Polycomb group (PcG) proteins are chromatin modifiers that act as transcriptional repressors (Ringrose and Paro, 2007) . Previous studies have shown that PcG proteins mediate silencing of the INK4A/ARF locus in early passage MEFs (Jacobs et al., 1999; Bracken et al., 2007; Kotake et al., 2007) . Upon serial passaging, Ezh2 is downregulated leading to reduced trimethylation of lysine 27 on histone H3 (H3K27me3) across the locus (Bracken et al., 2007) . Reduced occupancy of H3K27me3 at the INK4A/ARF locus is then thought to lead to transcriptional reactivation, resulting in cellular senescence. Because Ezh2 expression was slightly reduced upon HSC ageing (Figure 3a) , we hypothesized that PcGmediated repression of the INK4A/ARF locus could be an epigenetic mechanism to maintain p16 INK4A silencing in young HSCs. To determine the H3K27 methylation status at the INK4A/ARF locus in HSCs across age, we next performed mini chromatin immunoprecipitation (miniChIP) analysis . We first performed these experiments with early and late passage MEFs to accurately model the mechanism of PcGmediated repression at the INK4A/ARF locus. Consistent with previous reports (Bracken et al., 2007) , we detected a strong reduction of H3K27me3 occupancy across the locus in MEFs entering senescence (Figure 4a ). The trimethylation of lysine 4 on histone H3 (H3K4me3) as carried out by the trithorax group proteins is a strong indicator of transcriptionally permissive/activated genes INK4A in early and late passage murine embryonic fibroblasts (MEFs), and HSCs isolated from young and old C57BL/6 mice. MEFs or HSCs were single-cell sorted directly into lysis buffer in 96-well PCR plates. cDNA was prepared in RT reactions and following a two-step nested PCR approach (Pronk et al., 2007) (Schneider et al., 2004) . Although we expected increased enrichment across the locus in the late passage MEFs that robustly express p16
, H3K4me3 levels surprisingly did not change upon serial passaging (Figure 4a ). In fact, we detected high-level enrichment at the p19 ARF promoter also in nonexpressing early passage MEFs. Similar levels of H3K4me3 were observed at the promoter in late passage MEFs (Figure 4a ). These data suggest that the p19 ARF promoter region is marked with bivalent domains comprising co-occupancy of H3K27 and H3K4 methylation. Next, we conducted similar epigenetic analyses on primary hematopoietic cells. We first examined bone marrow lineage-negative, Sca1-positive and c-kit-positive (LSK cells) precursor cells isolated from young and old mice using miniChIP analysis (Figure 4b ). Although highly enriched for HSC activity, LSK cells in addition contain other multipotent precursor subsets (Bryder et al., 2006) . Therefore, we also conducted an experiment using LSKCD150 þ cells, which is an even more refined stem cell population (Kiel et al., 2005; Pronk et al., 2007) .
When investigating these candidate HSC compartments, we did not detect any change in H3K27me3 enrichment levels at the INK4A/ARF locus across age (Figures 4b  and c) . These results were in strong contrast to the histone methylation pattern observed in MEFs undergoing senescence (Figure 4a ). Similar to MEFs, the H3K4me3 profile in primary progenitor subsets remained the same with age and we could detect the proposed bivalent histone methylation domain at the p19 ARF promoter region in both young and old HSCs (Figures  4b and c ). These data demonstrate that the p16 INK4A tumor suppressor gene remains epigenetically silenced in aged HSCs despite the reduced expression levels of Ezh2 in these cells (Figure 3a) .
As the hallmark of cellular senescence is permanent growth arrest, our observation that HSCs maintain their abilities to proliferate (Figure 1 ) and in fact expand in numbers with age (Sudo et al., 2000; Rossi et al., 2005) suggests that senescence is not a major mechanism serving to intrinsically regulate HSC ageing. Consistent INK4A regulators in young and old HSCs. Total RNA was isolated with an RNeasy mini kit (Qiagen, Solna, Sweden) from purified hematopoietic cells or murine embryonic fibroblasts (MEFs), digested with DNase I to remove genomic DNA, and used for reverse transcription with random hexamers according to the manufacturer's instructions (SuperScript III kit; Invitrogen, Paisley, UK). Real-time PCR reactions were performed using a Bio-Rad (Sundbyberg, Sweden) sequence detection system using TaqMan assay on demand primers and probes (PE Applied Biosystems, Foster City, CA, USA). Reactions were performed in triplicate and normalized to b-actin. Data show one of three experiments with similar results. (b) Single-cell RT-PCR analysis of p16 INK4A regulators across age. Experiments were conducted as described in Figure 2a . (c) Bisulfite sequencing analysis of the p16 INK4A CpG-rich promoter region in young and old HSCs. Bisulfitetreated genomic DNA isolated from B1000 HSCs or MEFs was generated using the DNA methylation kit (Zymo Research, Orange, CA, USA). The p16 INK4A promoter region was amplified using nested primer approach as described (Patel et al., 2000) . PCR products were cloned directly into T vector and sequenced as previously described . Open circles represent 0% methylated CpG and filled circles indicate 100% methylated CpG residues. Signer et al. (2008) have suggested that p16
INK4A is a regulator of early lymphoid but not myeloid precursor biology with age. Such findings, combined with data implying a closer developmental association of HSCs to the myeloid rather than lymphoid lineages , indicate that p16
INK4A activation in downstream progenitors may cause an indirect stress and functional alterations of the HSC compartment. Other evidence pointing to an indirect function of p16 INK4A in HSC biology is its function in regulating components of the bone marrow microenvironment (Oguro et al., 2006) . Regardless of these findings, results of the present study Comparison of histone methylation profiles at the p16 INK4A locus in murine embryonic fibroblasts (MEFs) and candidate hematopoietic stem cell (HSC) compartments across age. The miniaturized chromatin immunoprecipitation (miniChIP) method was adapted from previously described protocols . Briefly, 10 000 fluorescence-activated cell sorting (FACS) purified cells or MEFs were crossed linked with 0.1% formaldehyde at room temperature for 10 min, washed twice with ice-cold phosphate-buffered saline (PBS) and stored at À80 1C. Cells were thawed on ice and lysed in RIPA (10 mM Tris (pH 7.5)/1 mM EDTA/1% Triton X-100/0.1% SDS/ 0.1% sodium deoxycholate/100 mM NaCl/protease inhibitors cocktail) buffer, then diluted three times in PBS and sonicated for 5 cycles of 10 s with a 30 s rest period in between cycles (Diagenode Bioruptor, Liege, Belgium). Cells were then centrifuged and diluted twofold with RIPA buffer. Lysates were incubated with 0.25-2.4 mg of anti-histone antibodies or normal mouse IgG (Upstate/Millipore, Billerica, MA, USA) bound to protein A magnetic beads (Dynabeads, Invitrogen) for 2 h at 4 1C before being washed three times with RIPA buffer and once with TE (10 mM Tris (pH 7.5)/10 mM EDTA) buffer. Genomic DNA was then eluted for 2 h at 65 1C in 300 ml of elution buffer (20 mM Tris (pH 7.5)/5 mM EDTA/50 mM NaCl/1% SDS/50 mg/ml proteinase K) and extracted using phenol/chloroform. Following ethanol precipitation, gDNA was resuspended in 20 ml TE buffer, quantified and 1 ml was used per qPCR reaction. (a) miniChIP-qPCR analysis using the indicated antibodies in early and late passage MEFs. ChIP DNA was amplified by qPCR using primers specific for the p16 clearly dissociate the mechanism of a well-characterized in vitro system of senescence from a system of intrinsic somatic stem cell ageing in vivo.
